Objective: To analyze infiltration patterns of IDH1 mutant diffuse gliomas into the brain by identification of single tumor cells applying an antibody specific to mutant IDH1 R132H protein.
D

ETERMINATION OF INFIL-
tration extent in diffuse glioma has been a diagnostic problem ever since pathological analysis of this disease. When Virchow coined the term glioma in 1863, he already stated that "most gliomas do not show a clear border to brain tissue at all." 1(p137) Also Bailey and Cushing 2 mentioned the difficulty of identifying a tumor border on both macroscopic and microscopic levels in their seminal work on classification of brain tumors in 1926. In 1940, Scherer 3 most precisely described the growth pattern of malignant glioma. He reported that infiltrative growth must be regarded as a hallmark of most gliomas and discussed in detail the limitations of microscopic determination of tumor borders. Until present, all approaches have been limited by the fact that single neoplastic glial tumor cells frequently cannot be distinguished from normal or reactive cells on grounds of morphology or immunocytochemical profile. 4 Recently, heterozygous mutations in the cytosolic isocitrate dehydrogenase 1 gene (IDH1) have been shown to constitute the most frequent alteration in diffuse astrocytoma and oligodendroglioma of World Health Organization grades II and III and in secondary glioblastoma World Health Organization grade IV. [5] [6] [7] [8] Approximately 70% to 80% of these tumors exhibit such mutations, whereas their frequency in primary glioblastoma ranges between 5% and 10%. More than 90% of the IDH1 mutations in glioma are characterized by exchange of an arginine by a histidine residue in position 132 of the protein (R132H), and a mutation-specific monoclonal antibody recognizing the R132H mutation (H09) has been generated. [9] [10] [11] H09 detects single tumor cells and reliably distinguishes neoplastic from other cells. 11, 12 Herein, we applied this antibody on paraffin-embedded whole-brain and hemisphere sections from 4 patients with glioma to comprehensively analyze infiltration patterns.
Immunohistochemical analysis with H09 (Dianova GmbH) was performed applying previously published conditions. 11 Luxol fast blue/periodic acid-Schiff staining was performed following standard protocols.
RESULTS
Immunohistochemical analysis with H09 allowed comprehensive identification of invading tumor cells in brain sections of 4 cases. Tumor extent in the 4 cases was as follows.
CASE 1
We analyzed a horizontal whole-brain section for case 1. Luxol fast blue/periodic acid-Schiff staining, magnetic resonance imaging, and macroscopic appearance demonstrated the tumor bulk in the frontal midline affecting both hemispheres ( Figure, 1A 
CASE 2
We analyzed a coronal whole-brain section for case 2. Luxol fast blue/periodic acid-Schiff staining showed the tumor bulk in the left frontal lobe. Additional tumor cells were found in high density at the macroscopic border of the tumor ( Figure, 
CASE 3
We analyzed a coronal hemispheric section of the temporoparietal lobe for case 3. 
CASE 4
We analyzed a coronal hemisphere section of the left parieto-occipital lobe for case 4. Tumor cells migrated from the site of the resected tumor through the white matter to a new tumor bulk. Single tumor cells of low density were also found in the cortex (Figure, 4) .
COMMENT
Applying the mutation-specific antibody H09, we were able to unequivocally detect tumor cells where no certain discrimination between reactive and malignant cells could be drawn by means of histopathological analysis. Single tumor cells were identified in areas that appeared inconspicuous macroscopically and at histological analysis with respect to cellularity, cellular pleomorphism, or mitotic activity. Specificity of the antibody to reliably detect neoplastic cells and to distinguish them from reactive cells has been extensively demonstrated by different research groups. [9] [10] [11] [12] [13] [14] The presence of single tumor cells in those apparently unaffected areas was expected and discussed in previous studies but could not be proven in situ so far. However, evidence for the presence of glioma cells in areas without microscopic proof of neoplasia was provided by successful cultivation of tumor cells from areas in which histological analysis failed to detect such cells. 15 Since an additional tumor bulk beyondtheprimarylesionisseenneitheronhematoxylin-eosin sections nor on immunohistochemical analysis, and all detected cells harbor the same IDH mutation, it is most likely that these tumor cells have migrated from the main lesion and do not represent independent neoplasms.
Our finding of tumor cells present in virtually most areas of the diseased brain raises the question of why glioma usually recurs in proximity to the area of initial resection. One explanation discussed might be the development of a tumorigenic milieu in areas with higher density of residual cells. 16 Also, rapidly migrating glioma cells do not proliferate and vice versa, that proliferating glioma cells tend not to migrate, which might favor a lo- Anaplastic oligoastrocytoma SI conversion factor: To convert gray to rad, multiply by 100. a All cases received antiedematous treatment, either steroids (cases 1, 3, and 4) or mannitol (case 2). Radiotherapy was focused to the tumor mass in cases 1, 2, and 4; case 3 underwent a lower irradiation dose as a palliative concept. Diagnosis of the autopsy specimen is given according to the retrieved medical reports. Applying the current World Health Organization classification, 4 reevaluation of cases 1 and 2 yielded secondary glioblastoma as the diagnosis of the autopsy specimen.
cal recurrence. 17 However, the dynamics of this "go-orgrow" paradigm in vivo have not been examined.
Glioma cells preferentially invade brain tissue by following white matter tracts. 3 This pattern, along with angiotro- These observations also match with our results. However, in 1 patient (case 2) we also detected an accumulation of tumor cells in the cortex far from the tumor center. Possibly, these tumor cells used the white matter tracts for invasion and ran up against the leptomeningeal border, preventing further migration. Our analysis unfortunately does not allow observing the dynamics of infiltration as it is limited to end-stage gliomas. Thus, the status of infiltration at first presentation of disease cannot be determined. Presence of mutant protein or 2-hydroxyglutarate, which is excessively produced by the mutant protein, might offer a target for noninvasive detection by high-resolution imaging in the future. The fact that mutant protein enables us to identify the tumor cells results in the limitation that only 4 of our 9 cases were suitable for this study, which showed an IDH1 R132H mutation. Therefore, no conclusions can be drawn for IDH wild-type tumors, such as nonmutant diffuse glioma grades II and III and especially primary glioblastoma.
The findings of the present study also challenge the current definition of gliomatosis cerebri (GC). Gliomatosis cerebri is defined as extensive glioma infiltration into the brain affecting at least 3 cerebral lobes. These lesions have been subdivided into primary GC, where extensive infiltration is seen at the time of diagnosis, and secondary GC, developing from a focal glioma. 4, 18 Assessment of the required affection of 3 lobes usually is based on imaging. Our findings demonstrate infiltration of tumor cells into the entire cerebrum in cases 1 and 2, thus fulfilling the criteria for the diagnosis of GC. However, in both cases the lesion was diagnosed as focal glioma. Therefore, the frequency of GC, especially of secondary GC, is likely to be much higher on analysis with markers specific for single tumor cells. This enormous invasion potential of glioma cells also explains the previous observation of IDH1 mutations in 42% of secondary GC. 18 Our findings therefore suggest restricting the term GC to patients with initial presentation of diffuse disease in 3 or more lobes and without focal tumor. In turn, diagnosis of secondary GC should be avoided because patients with secondary GC cannot unequivocally be distinguished from patients with focal glioma but extensive infiltration such as our cases 1 and 2.
In conclusion, the present analysis demonstrates for the first time, to our knowledge, the extent of infiltration of diffuse glioma on the single-cell level and underlines the concept of addressing glioma not as a focal but a systemic disease of the entire brain. Further studies should investigate whether mutated IDH1 protein allows specific targeting of all tumor cells. 
